a b s t r a c t
The conformat ional preferences of a series of hydroxyflavones were studied by Raman and FTIR spectroscopies, coupled to Density Functional Theory calculations. Special attention was paid to the effect of hydroxyl substitution, due to its importance on the biological activity of these compounds. Their conformational preferences were found to be determined mainly by the orientation of the hydroxylic groups at C 7 and within the catechol moiety, leading to the occurren ce of distinct conformers in the solid state. A comp lete assignmen t of the experimen tal spectra was carried out for these molecules, in the light of their most stable conformers and the corresponding predicted vibrational pattern.
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Introductio n
Phytochemical s are a class of compound s comprising a wide variety of molecule s present in plants, including flavonoids which are known to possess significant health-promot ing properties, generally related with their capabiliti es to act as chain-break ing antioxidants or as radical scavenge rs [1, 2] . In fact, oxidative stress occurs upon disruption of the homeostati c balance between free radical generation and the natural antioxidant defence mechanisms (e.g. by glutathione and regulator y enzymes such as superoxide dismutase, catalase and peroxida ses). This is recognised to be directly linked to damage in numerous cell targets (DNA, lipids and proteins) and may therefore lead to severe pathologies such as cardiovascu lar and neurodegen erative disorders or even cancer. Thus, dietary habits play a key role in the prevention of these diseases since the intake of phytochem icals through the diet, in appropriate amounts, may help to maintain the homeostatic oxidative balance [3] .
In the last decade, the beneficial propertie s of phytochemi cals have lead to a vigorous search for novel antioxidants from natural sources, involving the nutritional, pharmacolo gical and medicinal chemistry fields [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , with particular emphasis on the prevention of cancer and cardiovascu lar distress through the consumption of this kind of nutraceutic als in the daily diet [17] [18] [19] [20] . Accordingly , special attention has been paid to phenolic acids, anthocyanin s, coumarin s, tannins and flavonoids (including flavones and isoflavones), the latter being the largest group among phytochemi cals [21] .
Flavone derivatives, in particular, are known to play an important role in the defence mechanis ms against oxidative processes, either from deleterious radical species or from UV radiation. A wide variety of pharmac ologically relevant functions is assigned to these compounds [22] , from antibacterial , antifungal, antiviral, anti-spas molytic, estrogen-lik e, anti-inflammatory and anti-HIV to anticancer [23] [24] [25] [26] [27] [28] [29] [30] [31] . This group of compounds contains a common moiety -a chromone skeleton with a phenyl substituent in the pyrone ring ( Fig. 1 ) -which is greatly responsible for their biological role. However, this is also determined by other structural paramete rs, such as the number and position of the hydroxyl substituent groups, as well as their relative orientati on [22, 32, 33] . In fact, a single variation in one of these factors can induce a considerable change of their biological activity and therefore of their medicinal role. Additionally, this substitution profile also rules the conformationa l behaviour of the systems, namely their flexibility, the formatio n of hydrogen bonds -either intra-or intermolecularl y -and the preference for planar or skewed relative orientations of the substituent groups. Therefore, the beneficial activity of the flavones and isoflavones under study relies on their structural and conformational behaviour [34] [35] [36] . Besides determining biological activity, these strict structure-activity relationship s (SAR's) modulate the systemic distribut ion and bioavailability of the compounds within the cell.
Consequentl y, it is of the utmost importance to have an accurate conformationa l knowled ge of this kind of phytochem ical systems, which can be attained through the combined use of spectroscopi c techniques and theoretical approaches. This will lead to a better understand ing of their mechanis ms of action, and will enable to establish reliable SAR's, crucial for a rational design of effective bioactive compounds based on these natural products. In the present work, the conformationa l preferences of a series of flavones with different ring substitution patterns were studied by Raman and Fourier transform infrared (FTIR) spectroscopi es, coupled to Density Functional Theory (DFT) calculations . The investigated compounds include: -2phenylchromo ne (flavone, FLA), 3,6-dihyd roxyflavone (36DH), 5,7-dihydro xyflavone (chrysin, CHRY), 3,3 0 ,4 0 ,7-tetrahydroxy flavone (fisetin, FIS), 3 0 ,4 0 ,5,7-tetrahy droxyflavone (luteolin, LUT) and 3,3 0 ,4 0 ,5,6-pentahydr oxyflavone (quercetin, QUER) Fig. 1 . The FTIR techniqu e assumes particular importance in the study of this kind of hydroxylated systems, due to its responsiv eness in the detection of the vibrational modes related to the OH groups (stretching and bending modes). These will yield relevant informat ion on the conformati onal preferences of the flavones, closely associate d to their biological function. The results thus obtained are related to the free radical scavenging ability of the compounds , which was previously assessed by the authors [37] .
Material s and methods

Chemical s
Luteolin (97%) was purchase d from Alfa Aesar (Lancashire, United Kingdom). Chrysin (97%), 3,6-dihydro xyflavone (98%), fisetin (P99.0%), flavone (P98%), and quercetin (P98%) were obtained from Sigma-Aldrich Química S.A. (Sintra, Portugal).
FTIR spectrosco py
The FTIR spectra were recorded in a Bruker Optics Vertex 70 FTIR spectromete r, in the 400-4000 cm À1 range, in KBr disks (ca. 1% (w/w)). A KBr beamspli tter and a liquid nitrogen cooled Mercury Cadmium Telluride (MCT) detector were used. The spectra were collected for 2 min, with a 2 cm À1 resolution. The error in wavenum bers was estimated to be less than 1 cm À1 .
Raman spectroscopy
The Raman spectra of FLA, was obtained in a triple monochromator Jobin-Yvon T64000 Raman system (focal distance 0.640 m, aperture f/7.5), equipped with holographic gratings of 1800 grooves mm À1 . The premonochrom ator stage was used in the subtractive mode. The detection system was a liquid nitrogen cooled non-intensi fied 1024 Â 256 pixel (1'') Charge Coupled Device (CCD) chip. A 90 °geometry between the incident radiation and the collecting system was employed. The entrance slit was set to 200 lm, while the slit between the premonochr omator and the spectrograph was set to 400 lm. The spectrum of LUT was acquired in the microconfiguration, using an Olympus BH-2 microscope with a 50 Â objective. Under the above mentioned condition s, the error in wavenumber s was estimated to be within 1 cm À1 .
The 514.5 nm line of an Ar + laser (Coherent, model Innova 300-05) was used as the excitation radiation, providing ca. 30 mW at the sample position, except for LUT for which a power of ca. 5 mW was applied (in order to avoid strong fluorescence bands).
Due to their high intrinsic fluorescence, the spectra of 36DH, CHRY, FIS and QUER were recorded in a RFS 100/S Bruker Fourier transform Raman (FT-Raman) spectrometer, with a 180 °geometry, equipped with an InGaAs detector. Near-infrared excitation was provided by the 1064 nm line of a Nd:YAG laser (Coherent, model Compass-1064/500N), yielding ca. 250 mW at the sample position, and the resolution was set to 2 cm À1 .
The spectra were obtained at room temperature , and the samples were sealed in Kimax glass capillary tubes of 0.8 mm inner diameter, except for microRaman, for which the sample was placed in a glass lamella.
Quantum mechanical calculations
The quantum mechanical calculations were performed using the GAUSSIAN03W program [38] within the Density Functional Theory (DFT) approach, in order to properly account for the electron correlation effects (particularly important in this kind of conjugated systems). The widely employed hybrid method denoted by B3LYP, which includes a mixture of HF and DFT exchange terms and the gradient-co rrected correlation functional of Lee et al. [39, 40] , as proposed and parameterised by Becke [41, 42] was used, along with the double-z eta split valence basis set 6-31G ÃÃ [43] . Molecular geometries were fully optimised by the Berny algorithm, using redundant internal coordinates [44] : The bond lengths to within ca. 0.1 pm and the bond angles to within ca. 0.1 °. The final root-mean-square (rms) gradients were always less than 3 Â 10 À4 hartree bohr À1 or hartree radian À1 , respectively . No geometrical constraints were imposed on the molecules under study. The relative energies and populations (Boltzman distribution , at 298.15 K) were calculated for all conformers, using the sum of the electronic and zero-point energies (ZPEs).
The harmonic vibrational wavenumbers, as well as the infrared intensities and Raman activities were always obtained at the same level of theory as the geometry optimisatio n. Given that the widely used Merrick's [45] scale factors do not adequately reproduce the experime ntal wavenum bers for these highly unsaturated chemical systems, a set of four different factors proposed by the authors for chromone derivatives [46] was used: 1.18 for the low wavenumber region (below 175 cm À1 ); 1.05 from 175 to 400 cm À1 ; 0.985 for the interval between 400 and 1500 cm À1 ; and 0.957 above 3000 cm À1 . For the wavenumber range between 1500 and 1850 cm À1 Merrick's scale factor of 0.9614 [45] was used.
Results and discussion
Conforma tional analysis
A full conformationa l analysis was undertaken for the compounds under study, through DFT calculations. Table 1 summarises the most significant dihedral angles defining the respective most stable conformer s.
The conformationa l behaviou r of these compounds is determined by the following structural characteristics:
(A) The presence of a hydroxyl group at position 5 ((O 5 H), Fig. 1 , which is known to form a strong intramolecu lar hydrogen bond (H-bond) with the neighbou ring carbonyl of the pyrone ring. This close contact yields a six-membered intramolecular ring ( Fig. 1 ) responsib le for an enhanced electronic delocalisation that stabilises the molecula r structure. This interaction has been extensively studied spectroscopi cally, being recognised to be stronger than the H-bond between (O 3 H) and the ketonic oxygen [47] , which gives rise to a five-membered ring instead. For CHRY, for instance, an energy difference of ca. 67.5 kJ mol À1 was found between the equilibrium structure and the most stable conformation not comprising this (O 5 HÁ Á ÁO) H-bond. The breakdown of this intramolecular close contact is highly unfavoured in these systems, except in compounds displaying both (O 3 H) and (O 5 H) groups (such as QUER, Fig. 1 ) which present a quite different behaviour.
(B) In those molecule s containing a catechol moiety, the two hydroxyl groups located at the B-ring (FIS, LUT and QUER, Fig. 1 ) tend to adopt the same orientati on relative to the carbonyl(s): either syn (parallel) or anti (anti-parallel), due to a weak H-bond between both adjacent hydroxyli c groups (Fig. 1 ). The syn conformation is unfavoured relative to the anti one (Table 1 ). In fact, the former was found to be favoured for all the compounds presently studied, as a result of a more efficient electronic delocalisatio n.
Among the catechol-l ike molecule s displaying a C 7 -OH moiety, the hydroxylic substitution from C 3 to C 5 (FIS to LUT, Fig. 1 ) leads to dramatic structural changes. In QUER, comprising both C 3 and C 5 hydroxyl groups, a hydrogen close contact may be established between the carbonyl oxygen and the two adjacent hydroxyl H atoms ( Fig. 1) . This bifurcated H-bond can be regarded as a highly delocalised electronic system and is present in the most stable conformations of this molecule. The breakdown of this interactio n in either (O 3 H) or (O 5 H) is unfavoured by ca. 40 kJ mol À1 , respectively , while simultaneou s disruption of both H-bonds correspond s to an energy increase of 102 kJ mol À1 .
(C) Flavonols have a hydroxyl group in position 3 of the chromone skeleton (36DH, FIS and QUER, Fig. 1 ) which forms a H-bond with the carbonyl located at C-ring, giving rise to an extra fivemembered ring (Fig. 1 ). This intramolecular close contact is responsible for the stabilisation of the system by electroni c delocalisation throughout the molecule. An opposite orientation of the (O 3 H) group, in turn, destabilises the system up to 40 kJ mol À1 due to steric hindrance effects and to a less efficient electronic delocalisatio n, leading to a non-plan ar B-ring.
(D) Regarding planarity , all conformer s found for 36DH, FIS and QUER (flavonols) are planar (Table 1) Table 1 ). When the catechol moiety is present, it was found to be coplanar with the rest of the molecule in the case of the flavonols, while it assumes a non-plan ar structure for the remaining flavones.
The optimised DFT geometries predicted for the isolated molecules under study were compared to the X-ray crystallograph ic data found in the literature for similar systems: 3-hydroxyflavone (3HF) [48] , 5-hydroxyflavone (5HF) [49] and the dihydrated form of QUER [50] . A fairly good agreement was found, the chromone core moiety being essentially planar in all cases. 3HF, an analogous of 36DH, deviates from planarity in the solid state, probably due to both intra-and intermolecu lar H-bond interactions (w = 5.5 °), while a planar equilibrium geometry was presently calculated for 36DH (Table 1 ). Furthermore, the intramolecular H-bond associated to the (O 3 H) group seems to be involved in the complex structure of the solid, being responsible for the difference between the calculated HÁ Á ÁO distance for 36DH (194 pm) and the experimental value reported for 3HF (220 pm). The H-bond involving the (O 5 H) moiety in CHRY yields a calculated distance of 167 pm, close to the experimental value obtained for 5HF in the condensed phase (168 pm) [49] . Finally, the deviation from planarity previously observed for 5HF (w = 5.8 °) is quite smaller than the one presently predicted for the molecules comprising an (O 5 H) group (w = 19.9 °, Table 1 ).
In the case of bonded atoms, the agreement between experimental and calculated distances was found to be very good (Table 2). As an example, the C 5 -O distance in CHRY is predicted as 133.6 pm, close to the crystallograph ic value of 135.8 pm obtained for 5HF [49] . In the case of 36DH a distance of 135.3 pm was calculated for the C 3 -O bond, in accordance with the experimental value of 135.7 pm reported for 3HF in the solid state [48] .
Spectral assignment
A full spectral assignment was performed for these systems, in the light of their predicted conformati onal preferences (although these were obtained for the isolated molecule) (Tables S1 and S2). Despite the considerabl e amount of work reported for these systems both by Raman and SERS techniqu es [51-54], a complete and accurate assignment has not yet been achieved. Furthermore, FTIR has a huge potential for the study of this kind of polyhydroxylated compounds [47, [55] [56] [57] . The present work intends to attain a thorough vibrational analysis (Raman and FTIR) of these chromone derivatives, concomitan tly studied by theoretical methods. The main spectral features that characterise these flavones are therefore described and compared:
(A) In the high wavenumber region, the m(CH) modes give rise to the most intense (quite sharp) bands in the Raman spectra, between 3000 and 3100 cm À1 (Fig. 2 ). In infrared, in turn, these modes usually yield weak features, often partially overruled by the broad, very intense, m(OH) bands (with the exception of flavone, that contains no hydroxyli c groups) (Fig. 3) . The assignment of such bands is not a straightforw ard task in these systems, since they are very sensitive to the chemical environm ent: in the case of FLA, for instance, the most intense bands within this region (ca. 3060 and 3070 cm À1 ) are due to modes from either rings A or B (Fig. 2 , Table S1 ). An exception to this behaviour is found for the (C 3 H) oscillator, which is in a somewhat different environment and displays a slight increase of its stretching wavenumber (3107 cm À1 in FTIR, Table S1 ). Furthermore, the presence of different substituents in the series of compounds investigated alters the correspondi ng electronic distribution , causing marked changes in their vibrational profile, namely regarding the m(CH) oscillator (Tables S1 and S2).
The m(OH) modes, also comprised in this high wavenum ber spectral interval, contain important informat ion on the conformation of the hydroxyl groups in the molecule , as well as on their involvement in hydrogen close contacts. CHRY is a good example, as the intense and extremely broad band detected between 2500 and 3200 cm À1 is due to the strong intramolecu lar interaction involving the (O 5 H) group, this feature being characteristic of 5hydroxylate d chromones [56, 57] . LUT presents a similar behaviour, yielding this very broad signal in the FTIR spectrum ( Fig. 3) (Table S1 and Figs. 2 and 3 ). For FIS, apart from the two strong bands around 3520 and 3550 cm À1 due to hydration ( Fig. 3 (Tables S1 and S2 ). Also, m(O 5 H) gives rise to a relatively sharper band (at higher wavenumber ) than the one usually detected between 2500 and 3200 cm À1 (very broad) for the other compounds ( Figs. 2 and 3 ). This behaviour reflects the simultaneous formation of two weaker H-bonds sharing the charge of the carbonyl group, instead of one, stronger, intramolecular hydrogen close contact. (B) In the spectral interval between 1550 and 1750 cm À1 , the wavenum ber deviations of the carbonyl stretching mode reflect the nature of the interactions in which this group is involved, therefore providing important information on the hydrogen bonding pattern in this kind of compounds. However , the m(C 4 @O 12 ) modes appear in the same region as m(C 2 C 3 ) and the deformat ions of both the aromatic ring and the hydroxylic groups. In the case of the (O 5 H) substitut ed flavones (CHRY, LUT and QUER), the strong coupling between m(C@O) and aromatic ring deformat ions is due to the presence of the 6-membered ring formed upon (C@)OÁ Á ÁH(O 5 ) intramolecu lar bonding (Fig. 1, Tables S1 and S2 ).
For FLA, the m(C@O) mode gives rise to a strong band detectab le both in Raman and FTIR, at 1633 and 1646 cm À1 respectively (Fig. S1, Table S1 ), in good accordance with previous reported studies [54] . Additionally, the m(C@O) experimental values observed for 36DH and CHRY agree well with the predicted ones (Table S1) , and the wavenumber difference detected for these compounds is similar to that calculated between 5HF and 3HF, which was interpreted in the light of the distinct nature of the two intramolecu lar H-bonds [47] . A similar pattern between LUT and QUER can be observed, mainly by infrared, where the carbonyl stretchin g modes are quite strong (Fig. S1 ), two intense broad bands being detected at 1656 and 1612 cm À1 for LUT, and at 1662 and 1615 cm À1 for QUER, both correspond ing to vibrations with a large m(C@O) component. The band at higher wavenum ber in the QUER spectrum is significantly broadened , reflecting the bifurcated H-bonding profile within the molecule , as well as the presence of a Fermi Resonance (FR) involving the strong m(CO) band and overtones or combinations of the signals between 700 and 1000 cm À1 (often detected in flavones [57] ). w values in degrees. The atoms are labelled according to Fig. 1 .
b Values obtained from X-ray crystallography [48] [49] [50] . c Calculated at the B3LYP/6-31G ÃÃ level, for the lowest energy conformations.
FIS presents a completely distinct FTIR and Raman pattern as compared to LUT and QUER, the carbonyl stretchin g mode being found at a lower wavenumber -1634 and 1630 cm À1 in Raman and FTIR, respectively (Table S2 , Fig. S1 ). Instead of the two broad infrared bands found for LUT and QUER, two sharper, superimposed features were observed, a stronger one at 1607 cm À1 and another at 1630 cm À1 . A third band is still detected, at 1570 cm À1 in FTIR and at 1572 cm À1 in Raman (the most intense within this region, Table S2 ). In fact, within this spectral interval FIS presents the highest similarity with 36DH, also displaying the carbonyl group exclusively bonded to the hydroxyl at O 3 .
(C) The hydroxylated flavones display vibrational features associated to d(OH) modes mixed with m(C@O), m(CC) and aromatic ring deformation s, in the interval between 1550 and 1000 cm À1 . These signals can yield reliable information on the relative orientati on of the hydroxylic groups. The simplest hydroxyl-substituted molecules are 36DH and CHRY, both comprising intramolecular H-bonds. For the former, the strongest FTIR band occurs at 1497 cm À1 , while for the latter two intense signals appear at 1500 and 1449 cm À1 (Fig. S1 ). Between these, a series of superimposed features is detected for CHRY ( Fig. S1 ), apart from two strong infrared bands at 1354 and 1169 cm À1 , probably related to the presence of distinct (O 7 H) orientations within the molecule (Tables 1 and S1).
The systems containing a catechol group (FIS, LUT, and QUER) display a characterist ic set of strong infrared bands from 1000 to 1500 cm À1 (Fig. 3) , which are quite narrow for FIS and broader for the (O 5 H) substitut ed flavones LUT and QUER (Fig. 3) . In FIS, several shoulders and superimposed bands are to be found in the FTIR spectrum (e.g. from 1500 to 1550 cm À1 ), as opposed to the Raman (Fig. S1 ). This may reflect the presence of two distinct conformations, in agreement with the small calculated energy difference between fisetin's conformers 1 and 2 (0.72 kJ mol À1 , Table 1 ). Additionally, the spectra presently obtained correspond to the hydrated (commercial) compound , which may lead to changes in its conformational preferences relative to the anhydrous molecule. (D) Below 1000 cm À1 , the out-of-plan e modes -either deformations of the aromatic rings or out-of-plan e bendings of the (CH) and (OH) groups -give rise to strong infrared bands, while the corresponding Raman features are generally undetectabl e, the inplane modes tending to be more Raman active than the out-ofplane ones.
Besides the band at 999 cm À1 , the vibrational spectra of FLA comprises weak Raman signals, in contrast to the large number of strong bands detected in FTIR (essentially assigned to out-ofplane-modes , Table S1 and Figs. 2 and 3) . A similar behaviour is observed for CHRY and 36DH, although the Raman features for the latter present a rather higher intensity (Fig. 2) .
Within this region, CHRY displays two typical broad FTIR bands, at 746 and 732 cm À1 (Fig. 3) , while a weak broad signal is found in Raman at ca. 740 cm À1 (Fig. 2) . The infrared features are due to both in-plane and out-of-plan e modes associated to the six-membered intramolecu lar ring (Table S1 ), which is responsible for the significant band broadening.
For the catechol-contai ning compounds , useful information can be obtained from this spectral region. From the set of infrared bands between 860 and 890 cm À1 , for instance, those at 873 and 883 cm À1 in FIS and QUER (respectively, Fig. 3 ) are due to an out-of-plan e CH bending mode from the catechol group in conformer 2, while the correspondi ng bands from conformer 1 are found at 856 and 861 cm À1 (Table S2 ). Meanwhile, LUT presents a similar FTIR pattern, although assignment of the 874 cm À1 signal to conformer 2 (calculated mode at 886 cm À1 ) is dubious, since there is a predicted wavenumber at 859 cm À1 for conformer 1 (Tables 1 and S2). Also relevant is the set of superimpos ed infrared bands observed between 750 and 850 cm À1 for LUT, FIS and QUER (Fig. 2) , tentatively explained by the presence of distinct conformations for these compounds .
Conclusion s
A conformationa l analysis of a series of hydroxylated flavones was carried out, by optical vibration al spectroscop y coupled to theoretical approaches. The DFT calculations allowed to assess the conformationa l preferences of the compounds , strongly depende nt on their intramolecu lar H-bonding motif.
The compound s under study display two distinct intramolecular interactions , leading to the formation of either 6-or 5-membered intramolecu lar rings, which are essential for conformationa l stability. The presence of these intramolecu lar Htype close contacts has been clearly identified in the FTIR spectra, through the correspondi ng m(OH) modes. Also, deviation s to lower wavenumber of some of these hydroxyl stretching bands reflect the involvement of these groups in strong intermolecu lar interactions in the solid state. Additionally, the occurrence of these interactions affects the electroni c delocalisatio n in this type of chromone derivatives, therefore determini ng their conformationa l preferences . The molecules with an (O 3 H) group were predicted to be planar, as opposed to those having a (O 5 H) moiety, which were deviated from planarity by about 15-20°.
For the catechol-co ntaining systems, both hydroxylic groups from the catechol moiety always displayed the same orientati on relative to the pyrone ring, due to a weak intramolecu lar interaction between the two adjacent hydroxylic groups. Although the DFT calculations predicted an anti conformation of these OH's relative to the carbonyl(s) as the most stable one, for FIS and QUER the vibrational band around 880 cm À1 was ascribed to syn conformations, while the feature at about 850 cm À1 was assigned to the anti orientation, thus reflecting the coexistence for both orientations in the solid state. Furthermore, in these molecules the C 7 hydroxyl seems to assume either an anti or a syn conformation in the solid state, which is evidenced by the large number of spectral features found for the (O 7 H)-containing molecules.
Finally, FIS was studied in its hydrated form (often the commercial form of these compounds), and it should not be forgotten that the hydration water molecules are prone to interfere with both the inter-and intramolecu lar H-bond interactions, therefore leading to changes in the molecule's conformationa l preferenc es in the solid state. Hence, a study of the hydration process in these systems would certainty shed some light on their conformationa l behaviour, as well as on the consequent changes in the vibrational spectra. Moreover, vibration al studies on the temperature dependent phase behaviou r in these compounds would allow to clarify the correspondi ng polymorphic equilibrium , and hopefully to detect and characterise the polymorphic species.
In sum, the present work highlights the close relationship between structure and activity for hydroxylate d flavone derivatives, a thorough conformationa l analysis being essential for attaining a better understand ing of their recognised antioxidant propertie s (which were evaluated in a parallel study [37] ). Furthermore, this detailed knowledge of the conformationa l behaviour of this group of phytochemi cals will allow a rational design of optimise d chemopreventiv e agents of natural origin, with improved efficacy and safety.
